222 Rn gas is a member of 238 U decay chain, which is the most abundant in nature, and decays by releasing alpha particles with energy of 5.49 MeV. Various detection systems are used for radon gas detection in the research of natural radioactivity, health, geophysics etc. The detection systems need some electronics layers, like amplifier, analyser and data storage unit. These systems generally use mains voltage or self-battery and they are not useful for long-term field research because of energy consumption, which is relatively high. In this study, the development of a low energy consumption and low noise spectroscopy amplifier system for the detection of α radiation emitted by 222 Rn and its daughters is presented. Amplifying and pulse shaping stages were developed with nuclear electronic methods. Operating performance of amplifying and pulse shaping stages has been demonstrated with a series of electronic and radioactive tests (gain test, signal to noise ratio measurement, electronics calibration and energy calibration). Additionally, nuclear spectroscopic studies were performed for comparison of this system with other alpha spectroscopy systems.
Introduction
Radon is a colourless, odourless, tasteless and radioactive noble gas. It is the only gas product of three natural decay chains. Radon decays to 218 Po (3.82 days half-life) by emitting alpha particles with energy of 5.49 MeV [1] . It constitutes 55% of the natural radioactivity. Radon products ( 218 Po, 214 Pb, 214 Bi, 214 Po) decay by alpha, beta and gamma decay with half-life values ranging between 1.5 × 10 −4 seconds and 26.8 minutes. Alpha radiation, which is released by radon gas or its decay product 214 Po is generally used for the detection of radon [2] .
There are many methods used for radon detection. Commonly used methods are passive solid state nuclear track detectors (SSNTDs) [1, 3] , gas filled detectors [4] and lithium drifted silicon detectors [5, 6] . Silicon detectors and gas filled detectors require some electronic layers: pre-amplifier (PA), pulse shaping amplifier (PSA), analog to digital converter (ADC) and counter [7, 8] .
In this study, a charge sensitive amplification stage (PA, PSA) was developed by using nuclear electronics methods. The main objectives of the amplifier are low noise, low energy consumption, biasing by a battery and small dimensions. The electronic amplifier board was developed using DipTrace PCB -a computer design software for creating printed circuit boards (PCB) and, subsequently, the printed circuit was populated with surface mount device (SMD) circuit components. A series of tests were performed for the description of the * corresponding author; e-mail: mfkuluozturk@beu.edu.tr electronic and nuclear performance of the amplifier (gain test, signal to noise ratio (SNR) measurement, electronics calibration, full width at half maximum (FWHM) measurements and energy calibration). Additionally the same tests were performed with a professional Nuclear Instrumentation Module (NIM) spectroscopy system for comparison.
Methods

Electronics of spectroscopy amplifier
The PA and PSA circuits were designed in PCB layout Dip-Trace software (Fig. 1) . Two TLE2022 SMD units were used in the circuit, which were supplied by 5 V DC external voltage. The detector bias voltage was also supplied by external 12 V DC voltage. The designed spectroscopy amplifier was named FUAMP. An ion implanted silicon detector for charged particles (U-019-300-100) by ORTEC was used as detector. When radiation interacts with the detector, a decrease in the detector voltage occurs. This signal is firstly (789) amplified in the charge sensitive preamplifier. Then CR shaping is applied to the preamp output signal to obtain a gaussian pulse. After the CR shaping, two differential amplifiers and second order Butterworth low pass filter layers were placed.
The PCB has dimensions of 3.5 cm × 3.5 cm. The spectroscopy amplifier circuit has two gold-plated pins on the front side for the detector and four pins on the back side for the +12 V detector bias, +5 V circuit bias, analog signal output and GND.
A number of tests and measurements (gain test, SNR measurement, electronics calibration, FWHM measurements and energy calibration) were performed to determine the performance of the spectroscopy amplifier circuit after its installation. The same measurements and tests were carried out using a commercial standard alpha spectroscopy system (ORTEC, Model-142 Preamplifier and Model-672 Spectroscopy Amplifier) and then comparisons were made.
Tests and measurements
Gain test was performed by adding a 1 pF capacitor and 50 Ω resistor to the detector input of the spectroscopy amplifier used for simulation of the detector [9] . Gain was calculated as the ratio of output to input signal voltage. Input signal voltage was generated by Keithley 3390 arbitrary function generator. Additionally the spectroscopy amplifier system can be electronically calibrated with this setup. If a known capacity (1 pF) simulates the detector and an energy of 3.62 eV is necessary for an electron-hole pair production in silicon, then the input voltage value can be calculated and, by using the gain value, energy values can be assigned to the output voltages [10] .
SNR measurements, FWHM measurements, energy calibration and efficiency calibration were performed on an experimental setup that consisted of vacuum pump, vacuum chamber, standard alpha sources ( 237 Np, 239 Pu, 241 Am, 244 Cm), ion implanted silicon charged particle detector, DC power supply and oscilloscope (Fig. 2) . Gain tests were performed by measuring the output voltages versus variable input voltages. Gain and electronic calibration of FUAMP was plotted and gain function was generated (Fig. 3) .
The SNR amplitudes were measured from the output signal of our spectroscopy amplifier by using an oscilloscope and then the SNR values were calculated in decibels (dB) [11] . The commercial spectroscopy amplifier has approximately 10% better SNR values than FUAMP (see Table. 1). FWHM values were determined for each energy peak in the spectra. The commercial amplifier has generally better FWHM (see Table I ). Energy calibrations were made using spectra from each of the standard alpha sources placed in 25 × 10 −6 atm vacuum (Fig. 4) . Additionally spectra were obtained by counts with all of the standard alpha sources acting simultaneously in vacuum (Fig. 5) . 
Conclusions
The commercial equivalent system ORTEC, which is compared to the developed FUAMP spetroscopic amplifier, uses mains voltage in laboratory and it is manufactured for use in precision alpha spectroscopy studies. In contrast the FUAMP system is designed for long-term, outdoor, radon gas detection. FUAMP has a number of advantages and disadvantages due to differences in application area.
The performance of FUAMP spectroscopy amplifier is close to the performance of the professional commercial instrument. In Fig. 5 it is shown that commercial system has better FWHM and efficiency than FUAMP. However FUAMP has good enough energy resolution to distinguish between 222 Rn (5.489 MeV) and its decay product 210 Po (5.304 MeV) (Fig. 5) . The SNR value of the FUAMP spectroscopic amplifier system is worse than that of ORTEC system. As the SNR ratio is a factor directly affecting the FWHM value, increasing this ratio will also improve the FWHM value. When FWHM, which is a measure of energy resolution, is improved, it will be easier to distinguish closely adjacent peaks.
Another disadvantage is that the gain value is not adjustable. When it will be desired to make changes in the FUAMP, which will be part of a system for outdoor work, it will be necessary to intervene in the circuit elements. This is not useful. However, adding a digital potentiometer that allows such adjustments to be made, will allow to change the gain values via the software. Finally, a test input with a capacitance of 1 pF connected to the detector input must be added, so that the necessary tests can be performed.
The advantages of FUAMP: low voltage requirement (12 V), low energy consumption (1.2 mA in operating mode), low dimensions and low cost. The 12 V voltage requirement can be provided by small portable batteries or by using a voltage rectifier device from the mains voltage. In addition, thanks to low energy consumption in the operating mode, it has the advantage of being able to work outdoor for long-term without the need for mains voltage. The small size design of 3.5 cm × 3.5 cm can be converted into a circular shape with a diameter of 3 cm, if desired. These small dimensions will take up little space in the radon detector to be designed, or it will be possible to insert it into a probe. Finally, the cost of FUAMP is very low. Due to these features, FUAMP is suitable for long-term outdoor measurements.
